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Abstract 
Integrity of tempered martensitic grade 92 (9Cr-1.8W-0.5Mo-VNb) steel welded joint has been assessed by carrying out creep 
test at 923 K over a wide stress range. The failure location in the joint was found to shift from base metal to heat affected zone 
(HAZ) of the weld joint with decrease in applied stress. The HAZ of the weld joint consisted of coarse prior-austenite grain 
(CGHAZ), fine prior-austenite grain (FGHAZ) and intercritical (ICHAZ) regions in a sequence from the fusion boundary to 
unaffected base metal. The failure was associated with localized creep deformation coupled with creep cavitation. To have a 
better insight to the creep failure behaviour of the joint, the different microstructural constituents of HAZ of the joint has been 
simulated. Creep and tensile tests were carried out on the simulated HAZs specimens. The steel suffered degradation in creep 
rupture strength on subjecting heating in the intercritical (between Ac1 and Ac3) (ICHAZ) as well as at temperature just above the 
Ac3 (FCHAZ). The extensive creep cavitation has been observed in the simulated FGHAZ of the joint. Similarly, localized 
extensive creep cavitation and precipitation of tungsten rich Laves phase has been observed in the FGHAZ of the weld joint. This 
caused the type IV failure in the FGHAZ of the weld joint. The integrity of grade 92 steel joint under creep condition is governed 
by the above microstructural modifications of the steel in HAZ by weld thermal cycle.   
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1. Introduction  
 Martensitic 9 to 12 % chromium steels have widely been used in the fossil-fired and steam generators of 
nuclear power plants due to its excellent mechanical properties at high temperatures, good weldability, and adequate 
corrosion and stress-corrosion cracking resistances [1-13]. The increases in environmental concern and efficiency 
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(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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have been the more concern lead to the development of new steels with improved properties for high temperatures 
applications. The addition of 1.8-2.0 wt.% tungsten and 0.002-0.005 wt.% boron with reduction of molybdenum to 
around 0.5 wt.% in grade 91 steel leads to the development of grade 92 steel. The steel derives its high temperature 
strength from tempered martensite lath structure, M23C6 type of carbide, intra-lath MX type carbide and nitride, 
transformation induced high dislocation density and solid solution strengthening from tungsten [4-7,13]. The 
mechanical properties of ASME grade 92 steel have been widely studied and the steel is used for high temperature 
components in fossil fired power plants [14-15]. Such large plants components are usually fabricated employing 
fusion welding as a joining process. It has been found that the creep rupture strength of weld joint of the steel as in 
other Cr-Mo-W ferritic steels is a life limiting factor. A premature creep failure occurs in and around the weld joint 
under operating condition. Fusion welded joint of 9Cr-ferritic steels consists of three different zones such as base 
metal, weld metal (fusion zone) and heat affected zone (HAZ). The HAZ is a transition region between weld metal 
and unaffected base metal, which can be subdivided into a number of zones depending upon the peak thermal cycles 
experienced during welding [10-14]. The HAZ consists of various microstructural constituents across it, such as 
coarse prior-austenite grain (CGHAZ) adjacent to the weld metal, fine prior-austenite grain (FGHAZ) adjacent to 
CGHAZ, and intercritical (ICHAZ) region, which is heated at temperature between Ac1 and Ac3, merging with the 
unaffected base metal [10-14]. Components associated with weld joints exposed in the service conditions at high 
temperature and low stress led to premature failure of the weld joint in the ICHAZ/FGHAZ. The crack or failure in 
the weld joint is classified according to the crack location across the joint. The failure classifications are Type I 
(crack occurs within the weld metal), Type II (crack occurs across the weld metal and HAZ), Type III (crack occurs 
in the CGHAZ) and Type IV (crack occurs in the FGHAZ or ICHAZ). The Type IV cracking is recognized as the 
main concern in ferritic steels weld joints under service conditions [10-14].  
 In the present investigation, creep rupture behaviour of ASME grade 92 steel weld joint and different 
constituents of heat affected zone (HAZ) of the weld joint have been studied and metallographic investigation have 
been carried out to have insight of the failure mechanism.  
2. Experimental Details 
 Grade 92 ferritic steel plates of 12 mm thickness were received in normalized (1323 K for 30 minutes) and 
tempered (1053 K for 2 hour) condition. Chemical composition (wt. %) of the steel is given in Table 1. The plates 
were butt welded using activated TIG welding process [13,15].  The weld pad was post-weld heat-treated (PWHT) 
at 1033 K for 4 hours and subsequently X-ray radiographed for its soundness. Different constituents of HAZ of the 
weld joint microstructures were simulated using isothermal heat treatments. Steel blanks size of 120 mm X 12 mm 
X 12 mm have been heated to 1448 K, 1203 K, 1133 K for 5 minutes then oil quenched in order to simulate 
CGHAZ, FGHAZ, ICHAZ respectively. The blanks were PWHT at 1053 K for 2 hours. Creep specimens having 
dimensions of 5 mm gauge diameter and 50 mm gauge length were fabricated from the joint and HAZs. Tensile test 
has been carried out on the simulated HAZ constituents at 300 K and 923 K at a strain rate of 3 x 10-3 s-1. Constant 
load creep tests in air have been carried out at 923 K in the stress range of 150 to 80 MPa on both the weld joint and 
different constituents of the HAZ. Temperature was controlled within ± 2 K along the gauge length of the specimen 
during tests. Hardness profiles across the weld joint and different constituents were measured (300 gm applied load 
and 15 seconds dwell time) by Vickers microhardness. Optical, scanning electron microscope (SEM) and 
transmission electron microscopic studies were carried out on the different constituents of the joint and simulated 
constituents of HAZ. Immersion etching for 15 seconds using Villella’s reagent (picric acid 5 gm, HCl acid 25 ml, 
Ethyl alcohol 500 ml) has been employed to reveal the microstructures.  
Table 1 Chemical composition (wt. %) of P92 steel base and weld metal. 
 
 
Elements C Cr W Mo Mn Si V N Nb 
P92 Base metal 0.10 9.2 1.9 0.51 0.36 0.27 0.22 0.05 0.07 
P92 Weld metal 0.11 9.2 1.9 0.63 0.36 0.28 0.20 0.05 0.07 
Elements S P Ni Al B Ti N/Al Fe  
P92 Base metal 0.002 0.01 0.06 0.01 0.001 0.002 5 Bal 
P92 Weld metal 0.002 0.01 0.05 0.01 0.001 0.002 5 Bal 
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3. Results and Discussion 
3.1 Microstructure and Hardness 
 Microstructure of the grade 92 steel base metal in the normalized and tempered condition is shown in Fig.1. 
The steel consists of tempered martensitic lath structure and M23C6 precipitates in the grain and subgrain boundaries 
and MX precipitates in the intra lath regions. Tungsten content in M23C6 precipitate about 8-12 wt. % has been 
observed. The precipitates were identified by energy dispersive spectroscopy (EDS) (Fig.1(b)). The microstructures 
across the HAZ of the joint and simulated HAZs of the joint have been shown in Fig. 2. The grain size of the 
CGHAZ, FGHAZ and ICHAZ were 25 μm, 11 μm and 6 μm respectively. The simulated grain size of the HAZ 
microstructural constituents was comparable to the weld joint HAZ constituents at particular temperature region of 
the weld thermal cycle. The similar grain size variation has been reported in the modified 9Cr-1Mo steel [16]. The 
hardness variations across the weld joint and simulated constituents of the HAZs were shown in Fig.3. The hardness 
of the simulated microstructural constituents of HAZ was comparable with the different HAZ constituents hardness 
across the weld joint. The decrease in grain size and hardness has been observed from simulated coarse grain HAZ 
(290 VHN) to the intercritical region (204 VHN) of the HAZ and weld joint. A hardness trough was observed in the 
intercritical region of HAZ of the weld joint. The decrease in hardness in the intercritical region of the HAZ were 
due to the coarsening of the M23C6 precipitate and sub-grain formation with lower dislocation density [12,13]. The 
yield stress of the base metal, and simulated CGHAZ, FGHAZ and ICHAZ were 372 MPa, 308 MPa, 240 MPa, 238 
MPa respectively at 923 K. The ultimate tensile strength of the base metal, and simulated CGHAZ, FGHAZ and 
ICHAZ were 384 MPa, 319 MPa, 262 MPa, 246 MPa respectively. It is significant to note that the strength of the 
ICHAZ and FGHAZ were lower than the base metal and CGHAZ, where hardness measurements shown the similar 
behaviour.   
 
Fig.1. SEM micrograph of P92 steel base metal in the normalized and tempered condition and EDS spectrum of 
M23C6 precipitate (containing tungsten about 8 wt.%). 
3.2 Creep Deformation and Rupture Behaviour of Weld Joint and HAZs 
 The creep curves of grade 92 steel weld joint and simulated HAZs of the joint at 923 K are shown in Fig.4. 
The creep curves exhibited primary creep regime followed by an apparent steady state creep deformation and an 
accelerating tertiary creep regime as in base metal. The variations of creep rate with creep exposure for different 
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Fig. 2. Variations of microstructures across the HAZ of weld joint of P92 ferritic steel (a) CG-HAZ,  
(b) FG-HAZ, (c) IC-HAZ and simulated (d) CG-HAZ, (e) FG-HAZ, (f) IC-HAZ. 
 
Fig. 3. Variations of hardness across the weld joint and simulated HAZs (CG, FG, IC) of P92 ferritic steel. 
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 Fig. 4. Creep curves of simulated microstructures of HAZ of the P92 steel joint at 923 K. 
followed by increase with no substantial secondary stage of creep deformation. Similar behaviour of creep 
deformation in tempered martensite ferritic steels has been reported by several investigators [2,5,6,12]. The weld 
joint exhibited comparable minimum creep rate as in the simulated FGHAZ and ICHAZ. The tertiary stage of creep 
deformation was found to initiate much early in the ICHAZ of the joint than the weld joint. In normalized and 
tempered 9Cr-martensitic steel, the occurrence of transient creep has been reported to be the consequence of 
movement and annihilation of high dislocation density that are introduced in the material during martensitic 
transformation on normalization heat treatment as well as coarsening of martensite sub-structure and precipitates 
[4,5,12]. The microstructural instability of the tempered martensite steels with creep exposure is considered for the 
absence of steady state creep deformation regime [4,5,12].  
 The variations of rupture life with applied stress for the base, weld joint and simulated HAZ of the joint at 
923 K are shown in Fig.5. In both the base metal and weld joint, the variation of creep rupture life with stress 
showed two-slope behaviour. Rupture lives of the base metal and weld joint were comparable for applied stresses up 
to around 120 MPa. The weld joint had significantly lower creep rupture life than the base metal for applied stresses 
lower than around 120 MPa. Difference between the rupture life of weld joint and base metal increased with 
decrease in applied stress. The early onset of tertiary stage of creep deformation reduced creep rupture life of the 
weld joint than the base metal. The rupture life of the simulated constituents of HAZs has displayed the significant 
difference among them. The rupture life of the simulated FGHAZ and ICHAZ were significantly lower than the 
simulated CGHAZ of the joint and was comparable to the rupture life of the weld joint (Fig.5). Extensive 
microstructural changes and creep cavitation in selected constituents of the joint have been considered for the early 
onset of tertiary stage of creep deformation in the steel weld joint. Creep failure location in the weld joint was found 
to change with applied stress. At stresses higher than around 120 MPa, fracture took place in base metal of the weld 
joint (Fig.5), whereas at stresses less than 120 MPa failure occurred at the outer edge of HAZ (Fig.5). Failure in the 
ferritic steel welded joint at the outer edge of HAZ under creep condition is commonly termed as type IV cracking 
[10,12]. Hardness and metallographic investigation of the creep exposed joint revealed that creep failure of the joint 
under relatively lower applied stress occurred in the FGHAZ, even though the ICHAZ has lower hardness (Fig.3).  
 The rupture ductility (reduction in area percentage) of the joint is shown in Fig.5. The shift in failure 
location from base metal to FGHAZ with increase in rupture life (decrease in applied stress) was accompanied with 
the drastic reduction in rupture ductility. Similar, low ductility failure has been reported on P92 steel weld joint at 
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Fig.5. Variations of (a) rupture life with applied stress and (b) reduction in area (%) with rupture life for base metal, 
weld joint and simulated HAZs of P92 steel at 923 K. 
  
Fig.6. TEM micrographs of creep ruptured FGHAZ of P92 steel weld joint showing extensive Laves phase 
precipitation at 923 K and 100 MPa. 
   
  Fig. 7. Variations of creep cavities in the siumulated microstructures HAZ of P92 ferritic steel at 923 K and 130 
MPa, (a) CGHAZ, (b) FGHAZ, (c) ICHAZ. 
 In the present study, the failure in the FGHAZ at 923 K has been observed for applied stresses of 110 MPa 
and below. The reduction in area (%) of the simulated zones was shown in Fig. 5. The weld joint, base metal and 
simulated ICHAZ, FGHAZ were comparable. 
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3.3 Microstructure and Type IV Cracking of the Steel Weld Joint 
 Microstructure investigation across the creep exposed weld joint revealed that the precipitation of Laves 
phase across the joint. The precipitate was identified as Fe2W and was relatively extensive in the FGHAZ in the 
weld joint (Fig.6). The Laves phase formation across the joint in the grain and subgrain boundaries at the expense of 
tungsten in solid solution in the matrix was found to predominant under creep condition. The Laves phase size was 
higher in FGHAZ than the adjacent region of the weld joint under low stress regime. Laves phase size in the present 
investigation was comparable with the Valeriy Dudko et al., investigations [4]. These observations were evident in 
comparison with fracture location of the weld joint in the FGHAZ. The creep cavities were found to be associated 
with Laves phase. This occurs due to the constraint imposed on the particle-soft matrix (due to loss of tungsten in 
the matrix) interface during creep deformation. The creep cavitation was extensive in the FGHAZ of the joint in the 
longer duration creep, where fractured occurred in the weld joint. Similarly, the investigation on simulated HAZs 
shown that the extensive creep cavitation occurred in the FGHAZ than the ICHAZ and CGHAZ (Fig. 7) at 130 MPa 
stress. The size of the cavities were higher (12 μm) in the simulated FGHAZ than the cavity size 5 μm observed in 
the (FGHAZ) weld joint. However, longer duration test is planned to assess its integrity of the joint. Hence, 
reduction in creep strength of the Type IV cracking region under low stress regime has been attributed to the 
precipitation Laves phase, recovery of lath structures and fine grain size. Variation of hardness across the weld joint 
on creep exposed specimens is shown in Fig.8. The decrease in hardness with increase in creep exposure period has 
been observed across the weld joint due to the Laves phase formation, which decreased the strengthening 
contribution by tungsten in the matrix. The localized creep deformation and cavitation have been found to cause 
premature Type IV failure of the components associated with weld joint under low stress and at higher temperature 
[10,12]. 
 
Fig.8.Variation of hardness with distance across the weld joint and simulated HAZs of the joint of  
P92 steel at 923 K. 
4. Conclusions 
 Creep rupture behaviour of grade 92 steel base metal, weld joint and simulated HAZs were studied at 923 
K. Creep rupture life of the base metal and weld joint were comparable under high stress level, whereas lower 
rupture life with decreased rupture ductility has been observed in the weld joint in comparison with base metal under 
low stress level. Laves phase formation has been increased with increase in creep exposure and it was extensive in 
the FGHAZ than the adjacent regions of the weld joint. ICHAZ/FGHAZ shown lower tensile strength and rupture 
life than the CGHAZ and base metal. Extensive creep cavitation has been observed in the simulated FGHAZ and in 
the FGHAZ of the joint. Localized creep deformation and cavitation in the FGHAZ under low stress regime led to 
premature Type IV failure of the weld joint. 
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